Description of He isotopes using the 
particle-particle random-phase approximation model 
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A particle-particle random phase approximation (RPA) model was applied to study the properties 
of the 6 > 8 ' 9 ' 10 He isotopes. The RPA model applied takes into account the two-body correlations in the 
8 He core. Therefore, it gives a better description of energies and amplitudes than models that assume 
a closed neutron shell (or subshell) and provides the opportunity to make a simultaneous study of 
the 6 He, 8 He, 9 He and 10 He nuclei. Both ground-state and excited-states calculated properties 
are discussed and compared to experimental data. These studies suggest the same 2s-lpi/2 shell 
inversion in 9 He as in 11 Be, 10 Li and 13 Be, and propose a contribution of the (IP3/2) 



(lPi/2) 2 



and the (lp, 



3/2) 



(2s) configurations in the He core. 



PACS numbers: 21. 10. Re, 21.60.Jz, 27.20. +n 



I. INTRODUCTION 

Despite their small number of nucleons, the light nu- 
clei of the nuclide chart provide a unique opportunity 
to investigate complex phenomena such as halo nuclei, 
cluster configurations, shell inversions, and give access to 
nuclear systems beyond the neutron dripline 1]. This 
region thus challenges the theory in its capacity to re- 
produce the wide variety of these phenomena. In that 
sense, the unbound helium isotopes, 9 He and 10 He have 
been extensively studied both experimentally [H-EI and 
theoretically [g, U2H161 ]. The first experiments on 9 He 
showed a 1/2" state in the range of 1-2 MeV interpreted 
as its ground state 0-0, [nj. This property of a l/2~ 
ground state was also the result of most of the calcula- 
tions [l8|, Ojj . A latter double proton knockout exper- 
iment however shows the existence of a lower state Q, 
close to the n+ 8 He threshold, compatible with a possi- 
ble l/2 + state. This assignment has been comforted by 
a shell model calculation Yet, recent experimental 
studies [§, [l(| do not confirm such a low state. 

Such a situation of a l/2 + ground state with a 1/2 - 
excited state reveals an inversion of the 2s and lpi/% 
shells when 9 He is described as a neutron added to a 
core of 8 He. Such an inversion is well known in u Be [2fj| . 
10 Li [2l| and 13 Be [22]. In 10 Li and 13 Be this inver- 
sion was first suggested theoretically in order to repro- 
duce the two-neutro n sep aration energy in 11 Li and 14 Be 
respectivel y I2H l23l |24| . and then experimentally con- 
firmed 0, l22j]. These two-neutron separation energies 
were calculated in a two- neutron RPA model where 11 Li 
and 14 Be were considered as two neutrons added to an 
inert core of 9 Li and 12 Be respectively. In the present 
paper, the same two-neutron RPA model depicting 10 He 
as two neutrons added to an inert core of 8 He is used. 



This model gives the same system of equations for 10 He 
and 6 He; the latter being described as two-neutrons sub- 
tracted from a 8 He core. Finally these calculations pro- 
vide, among other properties, the two-neutron separation 
energies (SWi) of 8 He and 10 He, the + states in 10 He 
and the wave functions of 6 He and 10 He. The analysis of 
these wave functions or more exactly of the two-neutron 
RPA amplitudes include information about the core wave 
function. 

In section |TT] the two-neutron RPA model and the in- 
puts used in the calculation are briefly presented. The 
results are given in section IIIII and the conclusions are 
compiled in the final section. 



II. THE MODEL 

Only a brief summary of the used two-neutron RPA 
model is given. More details can be found in refer- 
ence 25j. A core of 8 He is assumed which, in the Hartree- 
Fock model, is a closed shell nucleus with the last neu- 



trons filling the 1^3/2 shell. Two neutrons are then added 
to, or subtracted from this core to describe 10 He and 6 He 
as eigenstates of a single system of equations. Indeed 
eigenvalues and eigenvectors of the RPA matrix yield the 
energies of 6 He and 10 He referred to the core energy and 
the two-body amplitudes in 6 He and 10 He with the fol- 
lowing definition for a solution of rank n: 



X^(a) = (M W He)\A+\M 8 He)), 
Y^\a) = (M 6 He)\A a \M 8 He)), 



(1) 

(2) 



with the orthonormalization relations: 



]T |a»| 2 - Yl l*( a )l 2 = 1 ' 



occupied 
states 



unoccupied 
states 



' Corresponding author: benoit.laurent@cca.fr 



£ iy»i 2 - J2 m«)i 2 = i> 



(3) 



unoccupied 
states 



occupied 
states 



2 



where and A a are respectively the creation and an- 
nihilation operators of two neutrons in state a formed of 
two occupied or unoccupied states in the Hartree-Fock 
core, ipo is the correlated wave function of the 8 He core. 
Then, for example, a non zero amplitude X for a, repre- 
senting two occupied states, means that in the core wave 
function there is a configuration with two holes in that 
state. Similarly, if Y is non zero for a state a formed 
of two unoccupied states, then the 8 He wave function 
contains a configuration with two particles in that state 
a. 

Furthermore the eigenvalues give the energies of 6 He 
and 8 He referred to the core energy so that the two neu- 
tron separation energy in 8 He and 10 He are quite straight- 
forward to reach. To achieve this calculation the D1S 
Gogny interaction ,26, 27J is used as an effective nucleon- 
nucleon interaction. Also, the single neutron energy in 
the core of 8 He is needed. For these calculations, a Saxon- 
Woods potential is chosen for the neutron-core potential, 
with an additional surface term which takes into account 
the neutron-phonon couplings. Then the one-body po- 
tential is written as: 



TABLE I. Results in terms of e(2s) when e(lp 1/2 ) = 1-25 MeV 



V nc {r) = -V NZ f(r) - 0.44rg(l.s) 



1 df(r) 
r dr 



+lba a n ' 



with /(?') = 1 + exp 



\ dr 
r-iV 



(4) 
(5) 



The following parameters given by Bohr and Mottel- 
son [2§I, are used: 



V NZ = Uo-U r ^= (51-33 N - z 



Rq 



A 1 / 3 



1.27 fm, 



MeV, (6) 
(7) 



where N, Z, A c refer to the core nucleus. The diffusivity 
is set to a larger value, a = 0.75 fm, to account for the 
diffuse surface of such a light nucleus. The parameter a n 
is fitted according to the one-neutron separation energy 
in 8 He for the lps/2 state. For the 2s and lpi/2 states, 
it is varied in order to reproduce the considered energies. 
For higher states, the parameter is set to zero since it 
is known that the neutron-phonon couplings effects on 
the potential are very small for states far from the Fermi 
surface. 



III. RESULTS 

All experiments agree on the presence in the 9 He spec- 
trum of a l/2~ state in the vicinity of 1-1.27 MeV energy 
range. This state was, up to L. Chen and collaborators' 
experiment . considered as the ground state of 9 He. 
This was attested by several shell model calculations. 
However L. Chen et al. experiment and most of the re- 
cent ones agree that the l/2~ state is an excited state 



e(2s) 


0.78 


0.45 


0.29 


0.192 


S 2 n( a He) 


2.52 


2.48 


2.48 


2.43 


S 2n { W He) 


-1.33 


-0.53 


-0.11 


0.12 




2.3 


2.3 


2.3 


2.3 
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e(lPi/a) = 


0.92 MeV 








e(2s) 


0.785 


0.45 


0.29 


0.19 


5 2 „( 8 J ffe) 


2.36 


2.31 


2.29 


2.24 


S 2n ( 10 He) 


-1.11 


-0.44 


-0.07 


0.22 


E(0t) 


1.6 


1.4 


1.4 


1.4 



and that the ground state is an unbound virtual 1/2+ 
state, with an energy very close to the n+ 8 He threshold. 
On the other end, there is an ambiguity in the inter- 
pretation of experiments on 10 He. Indeed until recently 
the resonance found at about 1 MeV above the 2n+ 8 He 
threshold was considered to be the ground state of 10 He. 
However there is a recent suggestion by [l9] that this 
resonance corresponds to a + excited state and that the 
ground state is close to the threshold. The use of the 
two-neutron RPA model assuming a core of 8 He gives 
the opportunity to make a simultaneous study of 6 Hc, 
8 He, 9 He and 10 He where the choice of parameters defin- 
ing 9 He states determines the states of the other three 
nuclei without any further fitting possibility. The calcu- 
lations proceed as follows: the IP3/2 energy is set to the 
experimental energy of 2.57 MeV. The lpi/2 energy is 
varied in a domain compatible with measurements. For 
each adopted value a series of calculations varying the 
2s shell energy is made. The results are presented for 
e(lpi/2) = 1.25 MeV, which is the value given in most of 
the experiments' analysis and for e(lf>i/2) = 0.92 MeV, 
which is not excluded by experiments. These results are 
given in tables U and [H] where the following observables 
are calculated: S 2n ( 8 He), S 2n { w He) and E(0+). The 
latter corresponds to the energy of the first excited + 
state in 10 He relative to the n + n+ 8 He threshold. For 
e(lp 1/2 ) = 1.25 MeV and e(2s) « 0.4 - 0.3 MeV, 10 He 
is unbound with a small value of S 2n in agreement with 
the assumption that the resonance at about 1 MeV is not 
the ground state but a + excited state. Yet the energy 
of this excited state is too high. Furthermore S f 2, 1 ( 8 i?e) 
is slightly too large compared to the experimental mea- 
sured value of 2.14 MeV [29J. If we assume the 2s shell to 
be higher than the lpi/2 one, for any value of e(pi/2), the 
results are in complete disagreement with measurements. 

On the other hand, in tableQUfor e(lpi/a) = 0.92 MeV 
a general agreement is observed for all calculated quan- 
tities though the most accurate are obtained for e(2s) = 
0.2 - 0.3 MeV. This value of 0.92 MeV is slightly smaller 
than that commonly used in the interpretation of exper- 
iments. However if one looks, for example, at the figure 
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FIG. 1. Relative energy spectrum for 8 He+n system in 
C( 14 B, 8 He+n)X reaction. The dotted line represents the un- 
correlated background. The thin solid line is the virtual s- 
state with a s — fm, while the dashed line is the p-resonance. 
The thicker solid line is the overall adjustment compared to 
the data (dots). The insert presents the best adjustment as a 
function of the contribution of each p-resonance and s-state. 
(Extracted from HQ) 



The main contribution comes from the (2s) 2 configura- 
tion for the two last neutrons but the (I.P3/2) 2 shows a 
significant amplitude which means that in the core of 
8 He there is a non negligible contribution of a 2 holes-2 
particles configuration with the holes in the p3/2-shell. 
For 6 He, the obtained amplitudes are: 

Y{p-J 2 ) = -1.08, 
Y{p-J 2 ) = -0.21, 
Y(2s- 2 ) = 0.20. 

These values of the Y amplitudes indicate again a con- 
tribution of a 2 holes-2 particles configuration with the 
two particles in the lpi/2 or 2s shells. Then from 
these two results it can be understood that 8 He is not 
a pure closed shell nucleus but has a contribution of 
(1P3/2T 2 - (lPi/2) 2 or (lp 3/2 r 2 - (2s) 2 configurations. 
The + excited state of 10 He appears to have mostly a 
(lPi/2) 2 configuration with some mixture of (2s) 2 , with 
the respective amplitudes of 0.96 and 0.25. 



IV. CONCLUSIONS 



[T] given as fig. 1 in ref. ^o|, a P1/2 resonance at about 
0.9 MeV would give the same or even better agreement 
as 1.27 MeV. With these energies of 2s and lpi/2 states, 
the two-neutron separation energy in 8 He is very close to 
the measured value of 2.14 MeV while the energy of the 
excited + state in 10 He is close to the energy of 1 MeV 
deduced from experiments. The advantage of this model 
is that, once the single neutron energies are fixed, the 
properties of all nuclei are given, without any possibility 
to introduce further parameters to modify the results for 
one or the other of the nuclei. 

The RPA equations also yield the wave functions of 
6 He and 10 Hc through the two-neutron amplitudes de- 
fined in Eqs. (Q][3]). In the best case where e(lpi/2) = 
0.92 MeV, e(2s) = 0.3 MeV, the following amplitudes for 
10 He ground state are obtained: 

A(2s 2 ) = 0.98, 
X(p 2 1/2 ) = -0.28, 

X(pI /2 ) = -0-28. 



In a two-neutron RPA model we have made a simul- 
taneous study of the 6 He, 8 He, 9 He, 10 He isotopes. The 
results show that, to reach the best two-neutron sepa- 
ration energy in 8 He, a good interpretation of experi- 
ments for 10 He, 9 He should have a l/2 + unbound ground 
state close to the threshold and a l/2~ excited state close 
to the measured resonance often assumed as the ground 
state. The corresponding unbound ground state of 10 He 
is close to the threshold and the observed resonance at 
1 MeV is an excited + state, not the ground state as 
usually assumed. Furthermore the RPA amplitudes ob- 
tained for 6 He and 10 He show that the core of 8 He is 
not a pure closed (I.P3/2) shell nucleus but has a qual- 
itatively important mixture of (IP3/2) 2 — (lPi/2) 2 an d 
{lpz/2) 2 — (2s) 2 configurations. The wave functions of 
6 He and 10 He show also some mixtures of various con- 
figurations with still a strong component on two holes in 
the p 3 / 2 -shell for 6 He and on two particles in the 2s-shell 
or pi/2-shell for respectively the ground state and the 2 
excited state in 10 He. 
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